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Neonatal bacterial meningitis remains a disease with unacceptable rates of morbidity and mortality despite
the availability of effective antimicrobial therapy. Cifrobacter spp. cause neonatal meningitis but are unique in
their frequent association with brain abscess formation. The pathogenesis of Citrobacter spp. causing menin-
gitis and brain abscess is not well characterized; however, as with other meningitis-causing bacteria (e.g.,
Escherichia coli K1 and group B streptococci), penetration of the blood-brain barrier must occur. In an effort
to understand the pathogenesis of Citrobacter spp. causing meningitis, we have used the in vitro blood-brain
barrier model of human brain microvascular endothelial cells (HBMEC) to study the interaction between C.
Jfreundii and HBMEC. In this study, we show that C. freundii is capable of invading and trancytosing HBMEC
in vitro. Invasion of HBMEC by C. freundii was determined to be dependent on microfilaments, microtubules,
endosome acidification, and de novo protein synthesis. Inmunofluorescence microscopy studies revealed that
microtubules aggregated after HBMEC came in contact with C. freundii; furthermore, the microtubule aggre-
gation was time dependent and seen with C. freundii but not with noninvasive E. coli HB101 and meningitic E.
coli K1. Also in contrast to other meningitis-causing bacteria, C. freundii is able to replicate within HBMEC.
This is the first demonstration of a meningitis-causing bacterium capable of intracellular replication within
BMEC. The important determinants of the pathogenesis of C. freundii causing meningitis and brain abscess

may relate to invasion of and intracellular replication in HBMEC.

Citrobacter freundii is a member of the family Enterobacteri-
aceae and is often the cause of significant opportunistic infec-
tions. C. freundii has also been associated with neonatal men-
ingitis and brain abscess (14). The mortality and morbidity rate
of Citrobacter meningitis is unacceptably high. The fatality rate
associated with neonatal meningitis is 25 to 50%; moreover,
serious neurological sequelae result in 75% of survivors. Al-
though the implication Citrobacter spp. in neonatal meningitis
and brain abscess is clear, the mechanisms by which these
organisms cause disease have been poorly investigated.

One of the least understood aspects of bacterial meningitis is
the mechanisms by which bacteria traverse the blood-brain
barrier. Escherichia coli K1 and group B streptococci (GBS),
the two leading causes of bacterial meningitis in neonates, have
offered excellent models for studying bacterial penetration of
the blood-brain barrier. We have previously shown that E. coli
K1 and GBS invade brain microvascular endothelial cells
(BMEC) in vitro and are capable of penetrating the blood-
brain barrier in the experimental newborn rat model of hema-
togenous meningitis (1, 15, 20). However, in contrast to
Citrobacter spp., there is a much lower association of brain
abscess formation with these organisms (8, 14). This observa-
tion suggests that Citrobacter spp. may utilize different patho-
genic mechanisms for penetrating and/or replicating in the
central nervous system. In an effort to understand the patho-
genesis of Citrobacter spp. causing meningitis, we have used the
in vitro blood-brain barrier model of human BMEC (HBMEC)
to study the interaction between C. freundii and HBMEC.
Here we report on the capacity of C. freundii to invade, repli-
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cate, and traverse HBMEC in vitro and present data on the
eukaryotic mechanisms for the invasion process.

MATERIALS AND METHODS

Bacterial strains. The C. freundii strain used in this study, 3009 is a spon-
taneous rifampicin-resistant mutant derived from urinary tract isolate 3009 (22)
that retains wild-type morphology, growth characteristics, and invasive pheno-
type (data not shown). Bacteria were grown aerobically for 14 h at 37°C in brain
heart infusion broth (Difco Laboratories, Detroit, Mich.) with rifampicin (100
pg/ml) selection. For confocal microscopy experiments, we generated a construct
constitutively expressing gfp; this clone contains the promoter region of rpsM,
which encodes the ribosomal protein S13. Oligonucleotides that hybridize 5’ and
3’ of the promoter region were generated based on the sequence of E. coli K12
rpsM. PCR was performed to amplify the rpsM promoter, using C. freundii
chromosomal DNA as the template. The PCR product was then cloned imme-
diately 5’ of the promoterless gfpmut3A construct in the promoter trap vector,
pFPV25 (34). This clone was then electroporated into wild-type C. freundii and
assessed for fluorescence. It was determined that the rpsM::gfpmut3A plasmid
gave rise to highly fluorescent colonies (as visualized by fluorescence microsco-
py). This clone did not affect the growth rate, cell density, or ability of wild-type
C. freundii to invade HBMEC.

HBMEC cultures. HBMEC were isolated from a brain biopsy of an adult
female with epilepsy by previously described methods (30). These cells were
positive for factor VIII-Rag, carbonic anhydrase IV, and Ulex europaeus agglu-
tinin I. They took up fluorescently labeled low-density lipoprotein and expressed
gamma glutamyl transpeptidase, thus demonstrating their brain endothelial cell
properties (30). HBMEC were subsequently immortalized by transfection with
simian virus 40 large T antigen and maintained their morphological and func-
tional characteristics for at least 30 passages (31, 32). The cells are polarized and
exhibit a transendothelial electric resistance of at least 100 ohms/cm? (20, 27).
HBMEC were plated in 75-ml tissue cultures flasks previously treated with rat
tail collagen-fibronectin and then cultured in RPMI 1640 supplemented with
heat-inactivated 10% fetal calf serum (Gibco), 10% NuSerum IV (Becton Dick-
inson, Bedford, Mass.), 1% modified Eagle’s medium nonessential amino acids,
heparin (5 U/ml), sodium pyruvate (1 mM), L-glutamine (2 mM), vitamins, and
penicillin-streptomycin. Cultures were incubated at 37°C in a humid atmosphere
of 5% CO,.

Invasion assays and inhibition studies. Invasion assays were performed as
previously described (1), using approximately 107 bacteria added to a well con-
taining a confluent monolayer of HBMEC at a multiplicity of infection of 100.
The number of intracellular bacteria was determined after the extracellular
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bacteria were eliminated by incubation of the monolayer with experimental
medium containing gentamicin (100 pg/ml). The MIC of gentamicin for C.
freundii was determined to be =1.0 pg/ml. Results are presented as percent
invasion, determined as 100 X [(number of bacteria recovered)/(number of
bacteria inoculated)]. Noninvasive E. coli HB101 was used as a negative control.

For invasion inhibition studies, invasion assays were performed as described
above except that the HBMEC were pretreated with experimental medium
containing the indicated concentration of inhibitor. The inhibitors were main-
tained throughout the invasion period. For all inhibitors except microtubule-
specific inhibitors, cells were pretreated for 30 min at 37°C. Pretreatment of
microtubule inhibitors consisted of incubation with the compound for 1 h at 4°C
and then 37°C for 30 min prior to assay. Control cells were treated with an
equivalent amount of solvent lacking the active compound. Concentrations of
solvents (dimethyl sulfoxide and ethanol) were always below 0.05%. None of the
drugs used affected bacterial viability as estimated by bacterial growth during the
assay. Potential inhibitors were tested at indicated concentrations for possible
adverse effects on HBMEC, compared to cells without inhibitor, by examining
cellular morphology, by examining confluency of the monolayer, and by trypan
blue exclusion. Results were expressed as relative invasiveness, defined as per-
cent invasion compared to bacteria in experimental medium alone, which was
arbitrarily set at 100%.

Transcytosis experiments. To examine the ability of C. freundii to transcytose
polarized HBMEC monolayers, the double-chamber culture system of Transwell
polycarbonate membrane filters was used as previously described (20, 27).
Briefly, HBMEC were seeded onto the apical side of a 12-mm collagen-coated
polycarbonate membrane with a pore size of 3 um (Corning Costar Corp.,
Cambridge, Mass). The apical chamber of the Transwell contained 0.5 ml of
HBMEC medium, while the basolateral chamber contained 1.5 ml of HBMEC
medium.

Before transcytosis assays, the monolayers were washed, and fresh HBMEC
medium was added without antibiotics. Then 10°® bacteria were added to the
apical chamber, and monolayers were incubated at 37°C in 5% CO,. Samples of
100 pl were collected from the basolateral chambers at incubation times of 0, 1,
and 3 h, and plated for CFU, and an equivalent volume of medium was replaced.
Simultaneously passive diffusion was measured via *H-inulin. Noninvasive E. coli
HB101 was used as a negative control.

TEM. Transmission electron microscopy (TEM) was performed on HBMEC
incubated with C. freundii for various times. At the designated time point, the
HBMEC monolayer was washed four times with RPMI 1640 and gently scraped
from the plastic surface. The cell slurry was then centrifuged for 10 min at
7,000 X g. The cell pellet was resuspended and fixed with 2.5% glutaraldehyde in
0.1 M phosphate-buffered saline (PBS). Cells were washed and postfixed with 2%
0Os0, for 1 h, rinsed, dehydrated through graded ethanol solutions, and embed-
ded in polypropylene oxide. Ultrathin sections were cut, mounted on colloidion
one-hole grids, stained with uranyl acetate and lead citrate, and examined by
TEM with a Philips CM transmission electron microscope.

Immunofluorescence. For staining host cell elements, HBMEC were grown on
eight-well chamber slides and bacteria were added as described above. At the
designated time point, cells were washed three times with PBS and fixed with
3.7% formaldehyde—0.2% Triton X-100 in microtubule stabilization buffer (5)
for 5 min at room temperature. Cells were then postfixed with 2% paraformal-
dehyde in PBS for 15 min at room temperature and subsequently permeabilized
with 0.5% Triton X-100 in PBS for 20 min. The monolayers were first incubated
with anti-a-tubulin monoclonal antibody (Sigma) in PBS containing 5% normal
goat serum, washed three times with PBS, and then incubated with rhodamine
labeled goat anti-mouse antibodies (Kierkegaard & Perry Laboratories) in PBS
containing 5% normal goat serum. Cells were washed with PBS, chambers were
removed, and slides were mounted. Stained cells were visualized with a Zeiss
Axioscope confocal microscope.

RESULTS

Ability of C. freundii to invade HBMEC. The ability of C.
freundii to enter HBMEC was assessed via tissue culture inva-
sion assays (gentamicin protection assay) as previously de-
scribed (1). Experiments were performed to optimize and stan-
dardize the invasion assays for C. freundii. The frequency of C.
freundii invasion was found to be optimal for an inoculum of
approximately 107 CFU per well of HBMEC (an approximate
multiplicity of infection of 100:1). The incubation time of the
bacteria with the HBMEC that yielded the best and most
reproducible results was found to be 1.5 h, with a subsequent
1-h incubation in medium containing gentamicin (100 pg/ml)
to kill extracellular bacteria (data not shown). With standard-
ized assay conditions, a representative experiment showed that
approximately 0.38% = 0.08% of the C. freundii inoculum was
total cellular associated (representing number of bacteria at-
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TABLE 1. C. freundii invasion and replication in HBMEC

% Invasion” (mean * SD)

Organism
0 h® 2h 4h 24 h

C. freundii 075*0 33 +£0.46 2.3 +£0.07 3712
E. coli HB101 0.005 = 0.003 0.005 *= 0.003 0.005 = 0.003 0.0003 = 0

“ Defined as percentage of CFU that invaded HBMEC and survived genta-
micin treatment.

® Amount of time between addition of gentamicin and enumeration of intra-
cellular bacteria.

tached and intracellular) and 0.12% = 0.03% was invasive.
Although the noninvasive bacteria control, E. coli HB101,
showed similar levels of total cellular-associated inoculum
(0.36% = 0.17%), only 0.001% = 0.00001% of the inocula
invaded HBMEC.

Ability of C. freundii to survive and replicate within HBMEC.
To ascertain whether C. freundii survives and replicates within
HBMEC, invasion assays were performed as described above
except that the time between the 100-ug/ml gentamicin treat-
ment and lysis of eukaryotic cells was lengthened. The ex-
tended incubation was done with medium containing a lower
level of gentamicin (20 wg/ml, which was above the MIC).
Time points examined were time zero (as in the standard
invasion assay), and 2, 4, and 24 h. As shown in Table 1, C.
freundii survived extended incubations with HBMEC and dem-
onstrated an increase of intracellular CFU. An increase in
recoverable bacteria was seen at 2 h (0.75% at time zero versus
3.3% at 2 h). Subsequent time points, however, revealed neg-
ligible or no increase in recoverable intracellular bacteria.
These results suggest that C. freundii replicates within the
HBMEC and can survive prolonged intracellular exposure.
These data do not distinguish between exocytosis (or exit) of
intracellular bacteria which are then subsequently killed by the
gentamicin in the medium and the ability of C. freundii to
replicate intracellularly long term.

TEM. TEM was used to characterize the interaction be-
tween C. freundii and HBMEC. Infected monolayers were
fixed at different times after the addition of bacteria and pro-
cessed for TEM examination. Figure 1A shows entry of C.
freundii after 45 min of incubation with HBMEC. Intimate
interaction between the bacteria and the cell surface was ob-
served, with some visible condensation of electron-dense par-
ticles accumulating within the vicinity of contact. After 45 min
of incubation, C. freundii was occasionally found to be intra-
cellular. After extended incubation for a total of 1.5 h, C.
freundii was observed intracellularly in single membrane vac-
uole-like structures (Fig. 1B).

To distinguish between the ability of C. freundii to survive
and to replicate within HBMEC, the following experiment was
performed. C. freundii was incubated with HBMEC initially as
in the standard invasion assay, and then incubation was con-
tinued for 4 h in the presence of a low level of gentamicin. As
shown in Fig. 1C, HBMEC vacuole-like structures contained
multiple bacteria (four to six per vacuole), and in some in-
stances there was evidence of actively dividing bacteria. Mul-
tiple bacteria in a vacuole may represent either intracellular
replication or vacuole coalescence. However, since in nearly all
cases the vacuoles appeared to contain actively dividing bac-
teria, the latter seems unlikely. These results corroborate the
quantitative invasion assays presented above and demonstrate
the ability of C. freundii to replicate within vacuole-like struc-
tures of HBMEC.
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Effects of eukaryotic inhibitors on C. freundii invasion of
HBMEC. To identify the eukaryotic cellular components nec-
essary for C. freundii invasion, we analyzed the effects of var-
ious eukaryotic inhibitors on C. freundii invasion of HBMEC.

(i) Role of microfilaments. The role of actin-based cytoskel-
eton in C. freundii invasion was examined by using cytochalasin
D, an agent that causes microfilament depolymerization in
eukaryotic cells (33). We used various concentrations of cy-
tochalasin D to pretreat HBMEC and compared the abilities
of C. freundii to invade treated and untreated HBMEC. As
shown in Fig. 2A, cytochalasin D had a profound effect on the
ability of C. freundii to invade HBMEC. At a cytochalasin D
concentration of 0.1 pg/ml, the frequency of invasion was re-
duced by 75%, while increasing the concentration of cytocha-
lasin D to 0.25 pg/ml led to nearly 100% inhibition of C.
freundii invasion. HBMEC treated with cytochalasin D at con-
centrations of 0.1 to 0.5 wg/ml did not show altered cell mor-
phology.

(ii) Role of microtubules. To establish an involvement of
microtubules in C. freundii invasion of HBMEC, invasion as-
says were performed with different microtubule inhibitors. Pre-
treatment of HBMEC with nocodazole, a microtubule-depo-
lymerizing agent (10), led to a dramatic effect on C. freundii
invasion of HBMEC. As shown in Fig. 2B, cells pretreated with
nocodazole at 1.0 ng/ml demonstrated a 99% decrease in C.
freundii invasion. Similar effects were seen when cells were
treated with another microtubule-destabilizing agent, colchi-
cine (data not shown). In addition, when the microtubule-
stabilizing agent vincristine was used, C. freundii invasion was
decreased by nearly 90% (Fig. 2C).

(iii) Role of HBMEC protein synthesis. To examine whether
de novo eukaryotic protein synthesis plays a role in C. freundii
invasion, invasion assays were performed with cycloheximide-
treated HBMEC. Cycloheximide concentrations as low as 1.0
pg/ml profoundly inhibited the invasion of C. freundii (i.e.,
98% decrease in invasion as compared to untreated HBMEC)
(Fig. 2D). [**S]methionine incorporation experiments deter-
mined that 0.1 ng of cycloheximide per ml inhibited protein
synthesis in HBMEC (data not shown).

(iv) Endosome acidification but not coated pit formation is
required for C. freundii invasion. To examine the role of en-
dosome acidification in the C. freundii invasion process, the
inhibitor monensin was used in invasion assays. Monensin is a
cationic ionophore that has been shown to increase the pH of
intracellular vacuoles (18). Pretreatment of HBMEC with mo-
nensin at concentrations of 5 to 50 wg/ml was found to inhibit
the susceptibility of HBMEC to C. freundii invasion or survival
in a dose-dependent manner (Fig. 2E).

Clathrin-coated pit formation has been shown to be inhib-
ited in eukaryotic cells by monodansylcadaverine (MDC) or
oabain (3, 17). Preincubation of HBMEC with MDC at con-
centrations of 5 to 50 pg/ml showed no effect on the ability of
C. freundii to invade HBMEC (Fig. 2F). Similar results were
seen when oabain was used to inhibit coated pit formation in
HBMEC (data not shown). In contrast, 20 pg of MDC per ml
inhibited the ability of E. coli K1 to invade HBMEC by 50%),
similar to results previously reported by Prasadarao et al. (24).
MDC at concentrations higher than 50 pg/ml appeared to be
toxic to the HBMEC and thus could not be assayed. However,

FIG. 1. TEM demonstrating C. freundii invasion of HBMEC at a magnifica-
tion of xX14,000. (A) Extracellular C. freundii attached to HBMEC; (B) intra-
cellular C. freundii found within membrane-bound vacuole-like structures; (C) C.
freundii replicating within vacuole-like structures.
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FIG. 2. Effects of different eukaryotic cell function inhibitors on C. freundii invasion of HBMEC. The inhibitors at indicated concentrations were added before
addition of the bacteria and were present until gentamicin treatment (see Materials and Methods). Results are presented as relative invasiveness (see Materials and
Methods) and represent the mean * standard deviation of at least three individual experiments performed in duplicate.

control experiments revealed that HBMEC pretreated with 50
pg of MDC per ml significantly protected the eukaryotic cell
from diphtheria toxin toxicity (data not shown).

Taken together, the above results suggest that C. freundii
invasion of HBMEC is dependent on microfilaments, micro-
tubules, de novo protein synthesis, and endosome acidification
but not coated pit formation.

Microtubule aggregation is associated with C. freundii inva-
sion of HBMEC. To further substantiate the apparent role of
microtubules in C. freundii invasion of HBMEC, we examined
by fluorescence microscopy whether there were changes in the
microtubule network. Anti-a-tubulin staining of noninfected
HBMEC showed uniform staining of microtubules (Fig. 3A).
However, when C. freundii was incubated with HBMEC for 30
min, the microtubules appeared to be in aggregates (Fig. 3C).
This observed aggregation was a time-dependent process; no ef-
fect on the microtubules was seen when bacteria and HBMEC

were incubated for 5 min (data not shown), and only slight
effects were seen when the incubation time was increased to 15
min (Fig. 3B). The microtubule aggregation-staining pattern
did not appear to coexist with bacterial binding; other areas of
HBMEC that did not have C. freundii bound also demon-
strated pronounced microtubule clumping. Furthermore, this
microtubule aggregation was not observed when C. freundii
was incubated for 30 min with nocodazole (5 pg/ml)-pre-
treated HBMEC (Fig. 3D). Of interest, microtubule aggrega-
tion was not seen when bacteria were incubated for 30 min with
cytochalasin D-pretreated HBMEC (Fig. 3E). Control exper-
iments performed with noninvasive E. coli HB101 or invasive
E. coli K1 did not show alterations in the HBMEC microtubule
staining pattern (data not shown). These results indicate that a
microtubule-depolymerizing agent can inhibit the formation of
C. freundii-dependent microtubule aggregates and that a mi-
crofilament-depolymerizing agent (cytochalasin D) may have
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direct or indirect effects on the microtubule-dependent process
of C. freundii invasion of HBMEC.

C. freundii transcytoses polarized HBMEC monolayers. We
and others have previously used Transwell experiments as a
model system for studying bacterial transcytosis through an
intact polarized HBMEC monolayer constituting the blood-
brain barrier (20, 27). Briefly, bacteria are added to the apical
chamber of polarized HBMEC in the Transwell. After a desig-
nated time, the bottom chamber (basolateral side of HBMEC)
is sampled to ascertain bacterial penetration through the
HBMEC. E. coli HB101 is used as a noninvasive bacteria
control. *H-inulin (4,000 Da) is simultaneously added in the
apical chamber and collected with the bacteria from the baso-
lateral chamber to assay for passive diffusion. As shown in Fig.
4, C. freundii could cross the polarized monolayer in a time-
dependent process, whereas noninvasive HB101 demonstrated
no HBMEC penetration. The levels of *H-inulin migration
were similar for all conditions (i.e., no bacteria versus invasive
or noninvasive bacteria added), which indicates that the mi-
gration of C. freundii occurs principally through the HBMEC
and is not passive and that the integrity of the cells has not
been altered.

DISCUSSION

Citrobacter is a significant cause of opportunistic infections;
C. diversus is associated with approximately 40% of presenting
cases, while C. freundii represents approximately 29% (11).
Citrobacter spp. cause neonatal meningitis and have an unusual
propensity for causing brain abscess (8, 14). The pathogenesis
of Citrobacter spp. causing meningitis and brain abscess is not
well characterized; however, as with other meningitis-causing
bacteria, penetration of the blood-brain barrier must occur.
The present study was undertaken to better understand the
potential interactions of Citrobacter with the blood-brain bar-
rier. C. freundii was chosen as a model bacterium for these
studies because the bacterial genetics are better defined and a
genomic library is available for eventual studies regarding the
molecular basis of Citrobacter invasion and replication in
HBMEC. Experiments performed with a cerebrospinal fluid
isolate of C. diversus yielded similar results (data not shown),
suggesting that the frequency and mechanism of HBMEC in-
vasion for these two species may be alike.

The blood-brain barrier is a complex structure that consists
of the choroid plexus epithelium and the brain capillary endo-
thelium. The presence of tight junctions and low pinocytotic
activity for the endothelial cells results in the restriction of
macroelements passing through the blood-brain barrier. At
this time, it is not known where in the blood-brain barrier C.
freundii penetrates, but the choroid plexus was found to be
rarely involved in the infant rat model of experimental hema-
togenous Citrobacter meningitis (16). In addition, endothelial
microvascular cells cover the largest surface area of the blood-
brain barrier, and other meningitis-causing bacteria have been
shown to invade microvascular endothelial cells in vitro (13, 20,

FIG. 3. Confocal immunofluorescence microscopy of gfp-expressing C. freun-
dii and rhodamine-stained HBMEC microtubules. The superimposed images
were generated by the LSM conversion program and subsequently labeled in
Adobe Photoshop. (A) No bacteria added to HBMEC; (B to E) C. freundii
incubated for 15 min with HBMEC (B), for 30 min with HBMEC (C), for 30 min
with nocadazole (5 pg/ml)-pretreated HBMEC (D), and for 30 min with cy-
tochalasin D (0.25 pg/ml)-pretreated HBMEC (E). HBMEC microtubules were
stained by indirect immunofluorescence as described in Materials and Methods.
All panels are of equal magnification (X4,000).
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FIG. 4. Transcytosis of C. freundii across polarized HBMEC monolayers.
HBMEC were grown to confluence on Transwell filters as described in Materials
and Methods. Bacteria were added to the apical side. Samples were collected
from the basolateral chambers at indicated times and plated for CFU (right axis).
Simultaneously, passive diffusion was measured via *H-inulin (left axis). #, no
bacteria; m, C. freundii; A, HB101. Results are presented as a representative
assay of four independent experiments, each performed in triplicate and all
yielding similar results.

25). We therefore selected HBMEC for our study. Tissue cul-
ture invasion assays and TEM studies provided evidence that
C. freundii invades HBMEC. Results from invasion assays per-
formed in the presence of various eukaryotic cellular inhibitors
suggest that the invasion of C. freundii into HBMEC is a
microfilament-, microtubule-, de novo protein synthesis-, and
endosome acidification-dependent process. Extended invasion
assays determined that C. freundii can survive and replicate
intracellularly for prolonged periods in vitro. TEM analyses
revealed the intracellular location of individual and multiple C.
freundii cells to be within single membrane vacuole-like struc-
tures. Transwell experiments demonstrated that C. freundii
could traverse a polarized monolayer of HBMEC, whereas
noninvasive E. coli could not. Furthermore, our preliminary
data shows that C. freundii penetrates the blood-brain barrier
in the neonatal rat model of experimental hematogenous men-
ingitis (21). Taken together, these findings suggest that C.
freundii invades vacuoles, possibly replicates, transcytoses
through the HBMEC, is released into the basolateral side, and
thus penetrates the blood-brain barrier.

Invasion of eukaryotic cells by C. freundii has been reported
(22, 35). However, this is the first report on the invasion of
HBMEC by C. freundii. Curiously, the eukaryotic requirements
for C. freundii invasion are as diverse as the cell types that C.
freundii has been shown to invade. For example, the clathrin-
coated pit inhibitor MDC has been shown to inhibit C. freundii
invasion in all other cell types assayed (e.g., human vascular,
intestinal, and bladder epithelial cells) except, as shown in this
study, HBMEC. In addition, other meningitis-causing bacteria
characterized thus far enter HBMEC in a route(s) that is
dependent on microtubules and is MDC sensitive (20, 24, 27).
Clathrin-coated pit inhibitors MDC and ouabain have not been
shown to inhibit all receptors; thus, it may be that the receptor
necessary for C. freundii invasion of HBMEC is not affected by
the inhibitor MDC or ouabain. Although evidence collected so
far suggests that C. freundii entry into HBMEC may not oc-
cur through an MDC- or oabain-sensitive receptor-mediated
route, it does appear that endosome acidification and de novo
protein synthesis are both required. The available data suggest
two possible scenarios. Endosome acidification may be needed
as an environmental trigger for intracellular bacterial survival.
Similar requirements have been characterized for Salmonella
epithelial invasion (26). Alternatively, endosome acidification
and protein synthesis may be required for the separation of
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ligand-receptor complex, synthesis of receptor, and/or presen-
tation of receptor to HBMEC surface in order for C. freundii
invasion to occur. The latter scenario is reminiscent of other
invasive pathogens, where contact of the viable organism is
needed for modulation of eukaryotic cell adhesion molecules
that are necessary for invasion (e.g., Streptococcus pneumoniae
and platelet-activating factor receptor) (2). Experiments are in
progress in our laboratory to distinguish between these pro-
posed scenarios.

Invasion assays performed in the presence of microtubule
inhibitors (both depolymerizing and stabilizing agents) signif-
icantly decreased the ability of HBMEC to take up C. freundii.
Confocal microscopy experiments with anti-a-tubulin antibod-
ies showed that microtubules aggregate after HBMEC come in
contact with C. freundii. The microtubule aggregation was a
time-dependent process; no aggregation was seen at 5 min,
little seen in 15 min, and clear-cut aggregation was observed
after 30 min of incubation of C. freundii with HBMEC. This
microtubule aggregation was inhibited when cells were treated
with either microtubule inhibitors or microfilament-inhibiting
agents. Of interest, the microtubule aggregation staining pat-
tern did not colocalize with bacterial binding and areas of
HBMEC which did not show C. freundii binding also demon-
strated pronounced microtubule clumping. This suggests that
the contact of the bacteria with HBMEC may globally stimu-
late microtubule aggregation. Whether the microtubule aggre-
gation is a result of a secreted bacterial factor or paracrine
response to bacteria binding to HBMEC remains to be seen.
Furthermore, the aggregation of microtubules in response to
C. freundii binding may be related to the postulated receptor
presentation via de novo protein synthesis and endosome acid-
ification. It has been previously shown that the transport of
many receptors to and from the cell surface is dependent on
microtubules (10). Therefore, one explanation for the inhibi-
tory effect of microtubule inhibitors on entry of C. freundii into
HBMEC is that the agents may decrease the numbers of
HBMEC receptors that mediate C. freundii invasion. Experi-
ments are under way to discern between these possibilities.

Microtubules have previously shown to be required for in-
vasion of many pathogens (e.g., Neiserria gonorrheae, Hae-
mophilus influenzae, enteropathogenic and enterohemorrhagic
E. coli, and Campylobacter jejuni (4, 9, 22, 23, 29). General
thinking has been that although these pathogens may enter
through microtubule-dependent pathways, they usually do not
replicate intracellularly (6). The data acquired in this study
from extended invasion assays and TEM analysis suggest that
C. freundii may be an exception to that generalization. In
contrast to what has been described for another intravacuole-
replicating bacterium, Legionella pneumophila (12), there was
no appearance of mitochondria or ribosomes in close proxim-
ity to the bacteria. This suggests that C. freundii may not use
these organelles to directly obtain energy or that recruitment
of specific host cell proteins may not be required for intracel-
lular survival and proliferation (as in the case of L. pneumo-
phila). Of particular relevance to central nervous system infec-
tions, other meningitis-causing bacteria such as E. coli K1,
GBS, and S. pneumoniae have similarly been shown to invade
(1, 13, 25) or invade and transcytose (20, 27) BMEC; how-
ever, the organisms have not been found to replicate within
HBMEC. As described above, Citrobacter meningitis has been
documented for its high frequency of brain abscess formation.
Whether replication within HBMEC vacuoles is unique for
Citrobacter and if there is a correlation with abscess formation
remains to be determined.

Cytochalasin D inhibits C. freundii invasion into HBMEC;
however, using immunostaining, we found no detectable reor-
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ganization of microfilaments when C. freundii interacted with
HBMEC (data not shown). In addition, cytochalsin D pretreat-
ment of HBMEC inhibited the bacterium-dependent microtu-
bule aggregation as visualized by confocal microscopy. There
may be several explanations for these results. The cytochalsin
D effect on bacterium-dependent microtubule aggregation
may be due to indirect effects of the microfilament inhibitor on
the microtubule network. For example, microtubules have
been observed to act as anchoring structures for F-actin (28).
Therefore, disruption of the microfilament network may affect
the microtubule network and thus indirectly affect the micro-
tubule-dependent C. freundii invasion of HBMEC. Alterna-
tively, an actin-dependent invasion step may precede a micro-
tubule-dependent step in the C. freundii invasion of HBMEC.
This initial step may result in microfilament reorganization
when bacteria are initially in contact with the HBMEC; how-
ever these events may be transient, and the experimental de-
sign utilizing immunofluorescence microscopy may not ade-
quately detect their occurrence. A similar situation is noted for
Yersinia invasin-mediated invasion (36). Therefore, if the ini-
tial stages of invasion are prevented by cytochalasin D, the
subsequent stages of invasion which are microtubule depen-
dent are not triggered. It has previously been shown that actin
functions in the translocation of actin-binding protein factors
to the plasma membrane as well as in cytosolic signaling (19).
In addition, cytochalasin D inhibits Salmonella entry via dis-
ruption of the translocation of actin-binding proteins to the
bacterial entry site (7). It is possible that in the case of C.
freundii invasion of HBMEC, actin microfilaments are neces-
sary for cytosolic signaling and/or bacterial penetration at the
plasma membrane, and microtubules may be necessary for the
transportation of membrane-bound bacteria from the plasma
membrane toward the basolateral side (or just deeper into the
cell). Thus, a disruption at either stage of invasion would result
in a “traffic jam.”

In summary, the results presented here indicate that C.
freundii can invade, multiply within, and transcytose HBMEC
in vitro. Determining the genetic basis for these phenotypes
will provide significant insight into the pathophysiology of
Citrobacter meningitis and potentially aid in developing novel
therapeutic and preventative strategies. Furthermore, an ex-
tensive molecular comparative analysis of Citrobacter with
other meningitis-causing bacteria may shed light on Citrobac-
ter’s unique property of brain abscess formation.
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